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Abstract
In Zhang & Showman (2018, hereafter Paper I), we developed an analytical theory of 1D eddy
diffusivity Kzz for global-mean vertical tracer transport in a 3D atmosphere. We also presented 2D
numerical simulations on fast-rotating planets to validate our theory. On a slowly rotating planet such
as Venus or a tidally locked planet (not necessarily a slow-rotator) such as a hot Jupiter, the tracer
distribution could exhibit significant longitudinal inhomogeneity and tracer transport is intrinsically
3D. Here we study the global-mean vertical tracer transport on tidally locked planets using 3D tracer-
transport simulations. We find that our analytical Kzz theory in Paper I is validated on tidally locked
planets over a wide parameter space. Kzz strongly depends on the large-scale circulation strength,
horizontal mixing due to eddies and waves and local tracer sources and sinks due to chemistry and
microphysics. As our analytical theory predicted, Kzz on tidally locked planets also exhibit three
regimes In Regime I where the chemical and microphysical processes are uniformly distributed across
the globe, different chemical species should be transported via different eddy diffusivity. In Regime
II where the chemical and microphysical processes are non-uniform—for example, photochemistry or
cloud formation that exhibits strong day-night contrast—the global-mean vertical tracer mixing does
not always behave diffusively. In the third regime where the tracer is long-lived, non-diffusive effects
are significant. Using species-dependent eddy diffusivity, we provide a new analytical theory of the
dynamical quench points for disequilibrium tracers on tidally locked planets from first principles.
Subject headings: planetary atmospheres - eddy mixing - tracer transport - methods: analytical and
numerical
1. INTRODUCTION
As stated in Paper I (Zhang & Showman 2018), at-
mospheric transport can drive the atmospheric chemi-
cal species out of chemical equilibrium and greatly influ-
ence the observations (e.g., Prinn & Owen 1976, Prinn
& Barshay 1977, Smith 1998, Cooper & Showman 2006,
Visscher & Moses 2011). Currently, the dominant ap-
proach of simulating the global-mean vertical distribu-
tions of chemical species and clouds on atmospheres of
tidally locked planets is solving a 1D diffusive system
with an effective eddy diffusivity and chemical/micro-
physical source and sinks (e.g., Moses et al. 2011, Line
et al. 2011, Tsai et al. 2017, Helling et al. 2008, Gao et al.
2014, Lavvas & Koskinen 2017, Powell et al. 2018). In the
1D chemical-diffusion framework, the strength of the ver-
tical diffusion is characterized by a parameter called eddy
diffusivity or eddy mixing coefficient Kzz. The physical
underpinning of this key parameter is obscure. In Pa-
per I, we constructed a first-principles theory of Kzz and
provided analytical expression for Kzz in a 3D atmo-
sphere under idealized assumptions about the nature of
the chemical source/sink and other simplifications. We
further validated the theory using 2D numerical simula-
tions on fast-rotating planets. However, for tidally locked
exoplanets or slow-rotating planets that exhibit signifi-
cant day-night contrast such as Venus, a 2D model is not
sufficient to simulate the intrinsically 3D tracer trans-
port process in those planetary atmospheres. This is our
focus in this paper.
1 Correspondence to be directed to xiz@ucsc.edu
On these planets, the global circulation pattern could
vary from a substellar-to-anti-stellar circulation in the
upper atmosphere to a fast zonal-jet circulation in the
lower atmosphere (e.g., Bougher et al. 1997 for Venus,
Showman et al. 2013 and Cooper & Showman 2005
and Zhang & Showman 2017 for tidally locked plan-
ets). Tracer transport with a substellar-to-anti-stellar
wind pattern cannot be treated in a 2D zonal-symmetric
system as we described in Paper I. Even in the zonal-jet
regime, the existence of longitudinally varying dynami-
cal structures (eddies) plays a critical role in both the
dynamics and the mixing of chemical tracers. Moreover,
the day-night temperature and insolation gradients im-
ply that, for many tracers, there will exist large day-
night variations in chemical sources and sinks that fur-
ther exacerbate the longitudinal asymmetry and amplify
the overall 3D nature of the problem. For instance, pho-
tochemically produced tracers on a slowly rotating planet
or a tidally locked planet could develop substantially dif-
ferent chemistry and equilibrium tracer distributions be-
tween the dayside and nightside, a canonical example
being sulfur species from photochemistry on Venus (e.g.,
Zhang et al. 2010, Zhang et al. 2012). For another ex-
ample, transport of haze and cloud particles on a tidally
locked planet is essentially 3D because their formation
and destruction are greatly affected by the local temper-
ature and condensable gas abundance which might have
a large zonal variation (Powell et al. 2018). To investi-
gate the global-mean vertical tracer transport on tidally
locked exoplanets, a 3D dynamical model is needed (e.g.,
Cooper & Showman 2006, Parmentier et al. 2013).
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There have been several studies of 3D chemical-
transport on tidally locked exoplanets with simplified
chemical and cloud schemes (e.g., Cooper & Showman
2006, Parmentier et al. 2013, Charnay et al. 2015b, Lee
et al. 2016, Drummond et al. 2018, Lines et al. 2018).
However, how to parameterize the the 3D transport pro-
cesses in a 1D global-mean tracer transport model is
still an open question. Especially, if one adopts the 1D
chemical-diffusion framework, a thorough theoretical link
between the 3D tracer transport and the effective 1D
eddy diffusivity Kzz on these planets has not been well
established. For example, Parmentier et al. (2013) stud-
ied simple passive cloud tracers using a 3D dynamical
model, and showed that the 1D effective eddy diffusivity
on hot Jupiters does not exhibit a significant dependance
on tracer sinks. This seems contradictory to our find-
ings as well as previous terrestrial studies such as Holton
(1986) that the Kzz should be species-dependent. This
puzzle has not been satisfactorily solved.
Here we will apply our analytical Kzz theory in Paper I
and 3D tracer-transport simulations to the photospheres
on tidally locked planets where most of the chemical trac-
ers and haze/clouds are observed. In the following sec-
tions, we will first recap the analytical Kzz theory in
Paper I and further develop it for tidally locked planets.
A 3D general circulation model (GCM) with passive trac-
ers is then used to understand the atmospheres on tidally
locked exoplanets under two typical scenarios: tracers
that are transported from the deep atmosphere and that
are produced in the upper atmospheres via photochem-
istry or ion chemistry. We will also study the effects of
our Kzz theory on the dynamical quenching of disequi-
librium tracers on tidally locked planets. We conclude
this study with several take-home messages.
2. KZZ THEORY FOR TIDALLY LOCKED PLANETS
2.1. General Theory of Kzz
Our Kzz theory in Paper I is based on a linear chemical
scheme which relaxes the tracer mixing ratio χ towards
local chemical equilibrium χ0 over a timescale τc. The
chemical source/sink term is thus written as (χ0−χ)/τc.
We also defined χ0 = χ0 + χ
′
0, where χ0 is the global-
mean of χ0 which is only a function of pressure, and χ
′
0
is the departure of equilibrium tracer abundance from
its global mean. We have demarcated three atmospheric
regimes of Kzz in terms of the tracer chemical lifetime
and horizontal tracer distribution under chemical equi-
librium2, and derived analytical formulae of Kzz for each
regime.
Regime I is for a short-lived tracer with chemical
equilibrium abundance uniformly distributed across the
globe. In this regime, the global-mean tracer mixing be-
haves diffusively and Kzz can be expressed as:
Kzz ≈ w
2
τ−1d + τ
−1
c
≈ wˆ
2
wˆL−1v + τ−1c
. (1)
Here w is the vertical velocity and wˆ = (w2)1/2 is the
root-mean-square of w. The horizontal tracer mixing
2 Here, as in Paper I, we use the term “chemistry” to represent
any non-dynamical processes that affect the tracer distribution,
such as chemical reactions in the gas and particle phase, haze and
cloud formation, or other phase transition processes.
timescale τd ≈ Lh/Uadv where Lh is horizontal char-
acteristic length scale and Uadv is the horizontal wind
speed. As pointed out by Showman & Polvani (2011) and
Perez-Becker & Showman (2013), the horizontal scales of
dominant flow patterns on typical hot Jupiters are com-
parable to the Rossby deformation radius, which is sim-
ilar to the planetary radius a. Thus we assume Lh ∼ a
in this study. From the continuity equation, τd can
also be estimated from the vertical dynamical timescale
τd = Lh/U ≈ Lv/wˆ where Lv is the vertical transport
length scale (Komacek & Showman 2016).
Regime II is for a short-lived tracer with a non-uniform
distribution of the chemical equilibrium abundance. In
this regime, the non-diffusive behavior in the global-
mean tracer mixing could be important. It can be rep-
resented by an additional term for Kzz:
Kzz ≈ w
2
τ−1d + τ
−1
c
− wχ
′
0
1 + τ−1d τc
(
∂χ
∂z
)−1
≈ wˆ
2
wˆL−1v + τ−1c
− wˆ∆χ
′
0
1 + wˆL−1v τc
(
∂χ
∂z
)−1,
(2)
where ∆χ′0 is the magnitude of χ
′
0. The second term on
the right hand side depends on the vertical gradient of
the global-mean tracer profile and deviation of the tracer
mixing ratio from its global mean.
Regime III is a long-lived tracer regime with the tracer
material surface significantly controlled by dynamics. In
fact, no simple analytical theory of the global-mean verti-
cal tracer transport exists in this regime due to the com-
plicated dynamical transport behavior. We introduced
an analytical formula of Kzz by letting τc → ∞ in Eq.
(1) or (2):
Kzz ≈ w2τd = wˆLv. (3)
Note that the above three expressions can be unified
in a single expression in Eq. (2). Taking χ′0 for the
uniform χ0 case, Eq. (2) will be reduced to Eq. (1).
Taking τc → ∞ for very long-lived tracers, Eq. (2) will
be reduced to Eq. (3).
2.2. Vertical Velocity Scaling on Tidally Locked Planets
In order to fully predict Kzz from first principles, we
also need to analytically estimate the vertical velocity
scale wˆ. For tidally locked giant planets, wˆ can be esti-
mated from first principles using the scaling theory de-
veloped in Komacek & Showman (2016) and Zhang &
Showman (2017). First, the horizontal velocity scale U
can approximated as (see Appendix A in Zhang & Show-
man 2017):
U
Ueq
∼
√
(α/2γ)2 + 1− α/2γ (4)
where the non-dimensional parameters α and γ are de-
fined as:
α = 1 +
(Ω + τ−1drag)τ
2
wave
τrad∆ ln p
(5)
γ =
τ2wave
τradτadv,eq∆ ln p
. (6)
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Here τwave ∼ L/NH is the characteristic wave prop-
agation timescale over a typical horizontal dynamics
length scale L and N is the buoyancy frequency (Brunt-
Va¨isa¨la¨ frequency) of the atmosphere. τadv,eq ∼ L/Ueq
is the advective timescale due to the “equilibrium cy-
clostrophic wind” Ueq = (R∆Teq∆ ln p/2)
1/2.
As noted, we assume the typical horizontal length scale
L ∼ a. Note that the continuity equation states U/a ∼
wˆ/H. The vertical velocity scale wˆ can then be estimated
as:
wˆ ∼ Ueqa
H
(
√
(α/2γ)2 + 1− α/2γ). (7)
Insert Eq. (7) into Eq. (1-3) and we obtain the an-
alytical expression of Kzz for tidally locked exoplanets
from first principles. Next, we will perform 3D numer-
ical experiments to quantitatively verify our theoretical
arguments.
3. 3D SIMULATION ON TIDALLY LOCKED PLANETS
The observable atmosphere of most close-in tidally
locked planets such as hot Jupiters is stratified due to
the strong irradiation from their host stars (e.g., Fort-
ney et al. 2008, Madhusudhan & Seager 2009, Line et al.
2012). The atmospheric dynamics is approximately gov-
erned by the hydrostatic primitive equations (e.g., Show-
man et al. 2009). In pressure (p) coordinates, the equa-
tions including tracer transport are:
D~u
Dt
+ f kˆ× ~u +∇pΦ = Fd (8a)
∂Φ
∂p
= −1
ρ
(8b)
∇p · ~u + ∂ω
∂p
= 0 (8c)
DT
Dt
− ω
ρcp
=
q
cp
(8d)
p = ρRT (8e)
∂χ
∂t
+ ~u · ∇pχ+ ω∂χ
∂p
= S (8f)
where ρ is density; T is temperature; cp is the specific
heat at constant pressure in units of J Kg−1 K−1; R is
gas constant in units of J Kg−1 K−1; Φ = gz is geopo-
tential where g is gravitational acceleration assumed con-
stant in our study; z is altitude; f = 2Ω sinφ is Cori-
olis parameter where Ω is the planetary rotation rate
and φ is latitude; ∇p is the horizontal gradient at con-
stant pressure; ω = Dp/Dt is vertical velocity in pres-
sure coordinate that can be converted to vertical veloc-
ity in the log-pressure coordinate w; ~u = (u, v) is the
horizontal velocity at constant pressure where u is the
zonal (east-west) velocity and v is the meridional (north-
south) velocity; q is the radiative heating/cooling rate.
D/Dt = ∂/∂t + ~u · ∇p + ω∂/∂p is the material deriva-
tive; Fd is a drag term representing the missing physics
such as magnetohydrodynamics (MHD) drag or sub-grid
turbulent mixing (e.g., Li & Goodman 2010; Youdin &
Mitchell 2010). χ is the mixing ratio of a tracer with
chemical source/sink S.
For simplicity, we consider a planet with zero obliq-
uity in a circular orbit around its host star. We adopt
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Fig. 1.— Vertical profiles of the reference temperature (black),
radiative timescale (red) and a typical day-night temperature dif-
ference (∆Teq , dashed) in 3D simulations. ∆Teq is zero below
5× 106 Pa.
the radius, mass and rotation period of the canonical hot
Jupiter HD209458b. Because we mainly focus on the
tracer transport by atmospheric dynamics instead of the
general circulation itself, our model setup of the dynami-
cal forcing and damping is essentially the same as that in
Liu & Showman (2013). We adopt the Newtonian cooling
approximation as a simple radiative heating and cooling
scheme, which, when the radiative equilibrium temper-
ature structure and timescale are appropriately chosen,
has been shown to produce wind patterns on hot Jupiters
(Liu & Showman 2013) similar as that from GCMs with
a realistic radiative transfer scheme (e.g., Showman et al.
2009). The heating term in Eq. (8d) is formulated as:
q
cp
=
Teq − T (t)
τrad
. (9)
Motivated by earlier studies using Newtonian cooling
(e.g., Liu & Showman 2013, Komacek & Showman 2016,
Zhang & Showman 2017), we assume that a piecewise
vertical profile of the radiative timescale τrad that ranges
from 104 s at top to 106 s near the bottom (Fig. 1). At
pressure levels above 50 Pa, τrad = 10
4 s. At pressure
levels below 5× 106 Pa, τrad = 106 s. In between, τrad =
106(p/p0)
0.4 s with p0 = 5× 106 Pa.
We first define a reference temperature-pressure pro-
file T0(p), which represents a characteristic planet-wide
(global) mean temperature profile that was determined
by a 1D radiative-convective calculation in Iro et al.
(2005) (Fig. 1). Given this profile, we then ana-
lytically construct a nightside equilibrium temperature
Tn(p) = T0(p) − ∆Teq(p)/2. The equilibrium tempera-
ture difference ∆Teq is chosen as 1000 K at the top of the
atmosphere and linearly decreases towards zero at the
bottom in the log-pressure coordinate (Fig. 1). Then,
the spatial distribution of the radiative equilibrium tem-
perature Teq across the globe is given by:
Teq(λ, φ, p) =
{
Tn(p) + ∆Teq(p) cosλ cosφ dayside
Tn(p) nightside
(10)
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TABLE 1
3D Tracer Chemical-dynamical Simulation cases.
Experiment Tracer χ0 Chemical Timescale
Standard Experiment Deep source Uniform 101.5+0.5i s i = 1, ..., 11
Quench Experiment Deep source Uniform Increase towards top
Photochemical Experiment Top source Non-uniform 101.5+0.5i s i = 1, ..., 11
where λ is longitude and we assume a homogeneous equi-
librium temperature on the nightside.
To approximately parameterize interactions between
the atmospheric flow in our simulated domain and a rel-
atively quiescent interior below, we assume a linear basal
drag scheme in the momentum equation (Eq. 8a), fol-
lowing Liu & Showman (2013). Fd = ~u/τdrag. The drag
coefficient (τ−1drag) is assumed as 0.1 day
−1 at the bottom
of the domain (107 Pa) and decreases linearly with de-
creasing pressure to zero at 5× 105 Pa, above which the
atmosphere is essentially drag-free.
As in Paper I, we adopt a linear chemical scheme which
relaxes the tracer distribution towards local chemical
equilibrium χ0. Here we performed a single 3D dynami-
cal simulation with three sets of passive chemical tracers.
We have 11 tracers in each set as an experiment. In other
words, the tracer equation (8f) is actually 33 distinct
equations for all tracers. Each tracer is fully and self-
consistently coupled to the exact same dynamical wind
pattern, but because they are passive, the tracers do not
affect the dynamics, and moreover the tracers are all in-
dependent of each other, and do not interact. Therefore,
one can conceptually view the dynamics, and any given
single tracer, as a coupled chemical-dynamical simula-
tion that shows how that tracer would behave, under the
influence of the 3D advection field along with the tracer
sources and sinks.
The design of the three sets of tracers are summarized
in Table 1. In the first set (“Standard Experiment”),
tracers are advected from the deep atmosphere and the
distribution of χ0 is assumed to be horizontally uniform
across the globe. We introduce 11 passive tracers of dif-
fering chemical timescale τc (Eq. 9), with the timescale of
the ith tracer specified as τc = 10
1.5+0.5i s, where i runs
from 1 to 11. The chemical timescale is assumed con-
stant with altitude. The vertical profile of χ0 is a power
function of pressure χ0 = 10
−4(p/p0)1.6 with p0 = 5×106
Pa. It starts from 10−4 at bottom and decreases towards
10−12 near the top.
In the second tracer set (“Quench Experiment”), we
investigate how the tracers are dynamically quenched as
they are transported upward from the deep atmosphere.
The tracer distribution under chemical equilibrium χ0
is the same as the “standard case”, i.e., uniform across
the globe and decreases towards upper atmosphere. But
in this case the chemical timescales of the tracers are
relatively long compared with tracers in the Standard
case and also increase linearly with decreasing pressure
in log-pressure coordinates. The chemical timescale is
fixed as 104 s at 5× 106 Pa and that of the ith tracer is
set as τc = 10
5.5+0.5i s at 50 Pa.
In the third tracer set (“Photochemical Experiment”),
we simulate photochemically produced species produced
in the upper atmosphere on the dayside. A non-
uniform chemical equilibrium abundance is prescribed
with a significant day-night contrast and with the day-
side chemical-equilibrium abundance maximizing at high
altitude:
χ0(λ, φ, p) =
{
χn + ∆χeq(p) cosλ cosφ dayside
χn nightside
(11)
where χn = 10
−12 is the equilibrium mixing ratio on the
nightside, which is taken constant here. The equilibrium
tracer mixing ratio ∆χeq = 10
−12(p/p0)−1.6 where p0 =
5×106 Pa. ∆χeq at the substellar point is 10−4 near the
top of the atmosphere and decreases towards 10−12 at
the bottom. The tracer chemical timescales are set the
same as the Standard case and constant with pressure.
We simulate the atmospheric circulation and tracer
transport using the MITgcm (Adcroft et al. 2004) dy-
namical core that solves the primitive equations using
the finite volume method on a cubed sphere grid. MIT-
gcm has been extensively used in studying atmospheric
dynamics on planets (e.g., Adcroft et al. 2004; Lian &
Showman 2010; Showman et al. 2009; Kataria et al.
2014) and passive tracer transport on a tidally locked
exoplanet (Parmentier et al. 2013). The horizontal reso-
lution of our simulations is C64 on a cubed sphere grid,
corresponding to 256×128 in longitude and latitude, or
1.4◦ per grid cell. We also tested some cases using the
C128 grid, corresponding to a global resolution of ap-
proximately 512×256 in longitude and latitude, or 0.7◦
per grid cell. The results are consistent with our lower-
resolution runs. We use 80 levels from about 107 Pa
to 30 Pa, evenly spaced in log pressure. The time step
is 20 second. We apply a fourth-order Shapiro filter to
the time derivatives of horizontal velocities and potential
temperature with a damping time-scale of 25 second to
ensure the numerical stability. The passive tracer trans-
port is solved using a second-order flux-limiter advection
scheme. The simulations were performed for at least 5000
Earth days in model time to ensure the statistical prop-
erties discussed here have reached an equilibrated state.
All variables were averaged over the last 400 days for
analysis.
3.1. Results: Standard Experiment
Under a steady day-night forcing, the 3D wind pattern
from our simulations is consistent with previous stud-
ies on typical hot Jupiters (e.g., Showman et al. 2009).
In the east-west direction, an equatorial super-rotating
wind reaches 3 to 4 km s−1 at about 3000 Pa (Fig. 2B).
A weak westward wind develops at high latitudes on
the nightside. In the north-south direction, a large-scale
meridional wind blows from low latitude to the high lati-
tude on the dayside, and the flow returns to low latitudes
on the nightside (Fig. 2C). The magnitude of the merid-
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Fig. 2.— Longitude-latitude maps of various quantities at 2800 Pa in the Standard Experiment. Left column from top to the bottom
(Panel A-D): vertical wind (w), east-west wind (u), north-south wind (v), and relative vorticity (ζ) with wind field vectors. Central column
(E-H): volume mixing ratios of tracers with chemical timescale of 102.5 s, 104 s, 105.5 s, 107s from top to the bottom, respectively. Right
column (I-L): corresponding vertical mixing efficiency of the tracers in the central column. Note that the color bars do not have the same
range.
ional wind is about several hundred m s−1.
At low latitudes, an outstanding feature of the vertical
wind pattern is the adjacent strong upwelling and down-
welling flows on the nightside between the east termina-
tor and the substellar point, i.e., longitude between 90
to 180 degrees (Fig. 2A). This is consistent with several
prior investigations showing such a feature (e.g., Show-
man et al. 2009; Rauscher & Menou 2010). The upwelling
and downwelling flows correspond to the local divergence
and convergence of the horizontal flows. A typical up-
welling flow forms a chevron-like pattern tilted towards
the northwest-southeast direction in the northern hemi-
sphere and towards the southwest-northeast direction in
the southern hemisphere. Surrounding the upwelling
flows are the downwelling flows with a magnitude up to
20-40 m s−1. In the region between longitudes -60 and
60 degrees, the dayside is dominated by a large, weaker
upwelling flow pattern in both the northern and south-
ern hemispheres. Correspondingly, the meridional wind
flows away from equator with an accelerating speed that
maximizes at high latitude, leading to a large-scale diver-
gence on the dayside (Fig. 2C). The advection timescale
due to the strong equatorial super-rotating wind a/U is
on the order of 104 s, and that due to the meridional
wind a/V is on the order of 105 s.
Very short-lived species generally exhibit small spa-
tial deviations from their uniform equilibrium distribu-
tion. As predicted in Paper I, the spatial distribution of
a short-lived tracer (Fig. 2E) follows the vertical veloc-
ity pattern (Fig. 2A). Two large-scale positive anomalies
are located in the northern and southern hemispheres on
the dayside, respectively. Adjacent positive and negative
anomalies are found near the equatorial region on the
nightside between the east terminator and the substellar
point, corresponding to the upwelling and downwelling
flows, respectively. As the chemical lifetime of the species
increases, the correlation between the tracer and verti-
cal velocity pattern becomes weaker. For species with
a chemical timescale longer than advection timescales
(104− 105 s), the tracer tends to accumulate in the mid-
dle and high latitudes (Fig. 2G). Its longitudinal varia-
tion is generally homogenized and is much smaller than
the latitudinal variation. For even longer-lived species
(τc > 10
7 s), the horizontal tracer distribution (Fig. 2H)
exhibits some similarities with that of the relative vor-
ticity ζ = ∇× ~u where ~u is the horizontal wind velocity
vector (Fig. 2D), suggesting the spatial pattern of inert
tracer is significantly controlled by the horizontal flow
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Fig. 3.— Latitude-pressure maps of zonally averaged quantities
in the Standard Experiment. Top: vertical wind velocity (color)
and TEM mass streamfunction (contours, in units of 1012 Kg s−1,
solid/positive is clockwise). Starting from the second row we show
volume mixing ratio of tracers with different chemical timescales
of 102 s, 103.5 s, 105 s, 106.5 s from top to bottom, respectively.
pattern.
To quantify the local contribution of vertical tracer
transport, we calculate the “mixing efficiency” η for each
tracer (Parmentier et al. 2013):
η =
wχ− wχ
wχ
. (12)
Note that wχ = wχ′ is the global-mean vertical tracer
flux. η represents the deviation of the local tracer flux
from the global mean and normalized by the mean value.
For a short-lived species, due to the strong correlation be-
tween the tracer and vertical velocity, mixing efficiency
is positive everywhere on an isobar (Fig. 2I). η strongly
maximizes at the equator on the nightside between the
east terminator and the anti-stellar point, producing lo-
calized plumes or “tracer chimneys” (Parmentier et al.
2013). That the vertical tracer transport is significantly
controlled by the local upwelling and downwelling plumes
on tidally locked planets is consistent with Parmentier
et al. (2013). However, as the tracer chemical lifetime
increases, vertical mixing becomes a bit complicated.
First, negative η emerges due to imperfect correlation (or
some local anti-correlation) between the tracer distribu-
tion and vertical velocity (Fig. 2J). Second, the localized
“tracer chimneys” where efficient transport takes place
across isobars in the short-lived tracer regime become
less pronounced as the tracer becomes longer-lived (Fig.
2K). Interestingly, the strong upwelling plume near the
east terminator, which is mostly responsible for the up-
ward mixing for short-lived species, turns to cancel the
upward mixing in the long-lived species case as the hori-
zontal tracer distribution changes with the tracer chem-
ical lifetime (Fig. 2L).
The zonally averaged vertical velocity and tracer abun-
dance are shown in Fig. 3. The zonal-mean circulation
exhibits a net downwelling at the equator with two strong
upwelling regions at low latitudes off the equator. The
polar regions are mostly downwelling. Correspondingly,
the Transformed Eulerian Mean (TEM) streamfunction
exhibits two “anti-Hadley cells” in the equatorial region3.
Two more circulation cells exist with ascending branches
at middle latitudes and descending branches at high lat-
itudes. As a result, the zonal-mean distribution of long-
lived tracers exhibits a local minimum near the equator
in our simulations (Fig. 3).
Similar to the 2D model results, the global-mean tracer
mixing ratio profile is close to the chemical equilibrium
if the chemical timescale is short and becomes more ver-
tically homogenized as the tracer lifetime increases (Fig.
4). A detailed discussion of the departure of the tracer
vertical profile from its chemical equilibrium profile will
be presented later in the “Quench Experiment”.
Based on the global-mean tracer distribution from sim-
ulations, we numerically derived effective eddy diffusivi-
ties Kzz from the flux-gradient relationship (e.g. Plumb
and Mahlman 1987):
wχ′ ≈ −Kzz ∂χ
∂z
. (13)
Kzz increases with decreasing pressure as the vertical
velocity also increases. Kzz increases with chemical
timescale, spanning over 3-4 orders of magnitude. How-
ever, for long-lived species, the dependence of Kzz on
chemical lifetime is complicated. At some pressure (e.g.,
2000 Pa), as the tracer lifetime increases, Kzz actually
decreases in this regime. Again, this behavior can be un-
derstood owing to the fact that the material surfaces of
the tracer have been significantly distorted in the case of
long-lived species. The correlation between the vertical
velocity and tracer is not good (Fig. 2K and 2L) and
3 This result seems consistent with a recent Super-Earth study
by Charnay et al. (2015a). But here we emphasize that whether
this “anti-Hadley” circulation occurs depends on the parameters in
the setup. Some hot Jupiter simulations do not show this feature
(personal communications with V. Parmentier)
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Fig. 4.— Left: Vertical profiles of the global-mean volume mix-
ing ratio in the Standard Experiment. Right: vertical profiles of
numerically derived effective eddy diffusivity Kzz (right) from the
flux-gradient relationship (Eq. 8) based on simulations (solid). The
dashed lines are analytical predictions using Eq. (1) and the ana-
lytical wˆ in Eq. (7). Different colors from cold (blue) to warm (red)
represent tracers with different chemical timescales from short to
long, ranging from 102 s to 106.5 s.
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Fig. 5.— Same as Fig. 4 but the predicted Kzz (dashed) is cal-
culated using Eq. (1) with the vertical velocity directly calculated
form the numerical simulations.
eventually our theory in Section 2 based on relatively
short-lived species fails in this regime.
We also analytically predict Kzz based on the theory
in Section 2. As this is a uniform χ0 case in regime I,
the non-diffusive term vanishes. Inserting the expression
of wˆ (Eq. 7) into Eq. (1), we can estimate the profiles of
Kzz. We assume the vertical characteristic length scale
Lv as the pressure scale height H in Eq. (1), which is
equivalently to assuming typical horizontal length scale
Lh as the planetary radius a according to the continuity
equation U/a ∼ wˆ/H.
The theoretically predicted Kzz are shown in Fig. 4.
Similar to the numerically derived Kzz, the predicted
Kzz increases with the chemical lifetime and with de-
creasing pressure. For most tracers, the analytical Kzz
matches well with the Kzz derived from the simulations.
This implies that our theory in Section 2 applies gen-
erally well to the regime of 3D atmospheres on close-in
tidally locked exoplanets with a uniform source that has
greatest chemical equilibrium abundance at depth.
Rigorously, our theory does not perform well in either
very-short-lived or very-long-lived tracer regimes (Fig.
4). The analytical theory underestimates the numer-
ical Kzz by about a factor of 10 for short-lived trac-
ers. This discrepancy is because both the horizontal
(Eq. 4) and vertical (Eq. 7) velocities estimated from
our analytical theory are less by about factor of 2-3 than
the numerical values in a drag-free hydrogen atmosphere
(Komacek & Showman 2016, Zhang & Showman 2017).
When the tracer lifetime is very small, i.e., τc → 0,
Kzz ≈ wˆ2τc in Eq. (1), i.e., Kzz scales with the ver-
tical velocity squared. Therefore Kzz predicted by our
theory is about 10 times smaller than that from 3D mod-
els for the short-lived tracers. When the drag is applied
in the model, the analytical Kzz matches better with the
numerical simulations (personal communication with T.
Komacek). If we directly use wˆ from our numerical simu-
lations, rather than using the analytically predicted ver-
tical velocities, the agreement is improved in the short-
lived tracer regime (Fig. 5).
However, as shown in Fig. 4 and 5, our Kzz theory
generally overestimates the Kzz if the tracer lifetime is
long. This is Regime III where the tracer contours are
significantly distorted. For 2D simulations in Paper I, we
also found that the Kzz theory does not behave well for
long-lived tracers. But in the 2D cases the analytical Kzz
generally underestimates the eddy mixing caused by the
resolved circulation in the 2D model. Again, the reason
could be the adopted tracer transport length scale here—
we have assumed Lv ∼ H and Lh ∼ a. But as shown in
the mixing efficiency maps (Fig. 2), strong local tracer
transport could dominate the entire globe, implying a
smaller Lh. As also mentioned in Section 2, in the long-
lived tracer regime (regime III), Lv might be different
from the atmospheric scale height H. Previous studies
(e.g. Cooper & Showman 2006) have pointed out that
Lv for CO transport on hot Jupiters might be a factor
of 2-3 smaller than H. If we adopt a smaller dynami-
cal length scale, the resultant Kzz would be smaller and
match the 3D numerical results better in the long-lived
tracer regime.
3.2. Results: Quench Experiment
For tracers that are transported from deep atmospheric
sources, their mixing ratios can be vertically homoge-
nized by the atmospheric dynamics and “quenched” at
a value at a deeper pressure level (Fig. 6). This usually
occurs when the chemical timescale of the tracer changes
significantly with pressure. For example, high temper-
ature in the deeper atmosphere maintains fast thermo-
chemical reactions of a tracer and results in a short chem-
ical timescale. Chemistry dominates over the dynamics
and the tracer is expected to be in local thermochemical
equilibrium. As the tracer is advected upward, chemical
reactions slow down as the temperature decreases in the
upper atmosphere, and the chemical timescale increases
quickly. At a certain pressure level, the vertical profile
of the chemical tracer starts to depart from its chemi-
cal equilibrium profile. Above that level, the tracer will
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Fig. 6.— Left: vertical profiles of the global-mean volume mix-
ing ratio from numerical simulations (solid) and the equilibrium
mixing ratio (dashed) in the Quench Experiment. Right: verti-
cal profiles of the chemical lifetimes (solid) and vertical transport
timescales based on pressure scale height (black dashed) and equi-
librium chemical scale height for individual tracers (color dashed).
Different colors from cold (blue) to warm (red) represent tracers
with different chemical timescales from short to long.
be more controlled by the atmospheric dynamics. If the
tracer chemical timescale increases so rapidly with de-
creasing pressure that the chemistry can be quickly ne-
glected above the departure level (e.g., carbon monoxide
on Jupiter, Prinn & Barshay 1977), the tracer mixing
ratio in the upper atmosphere is approximately constant
and is basically set by the value at the departure level.
This is called quenching.
Bordwell et al. (2018) defined two kinds of “quench
points”. The first one is the “departure” quench point,
which stands for the pressure level where the tracer verti-
cal profile starts to deviate from the chemical equilibrium
tracer profile. The second one is the “observed” quench
point, referring to a pressure level at which the equi-
librium tracer mixing ratio is equal to the tracer mixing
ratio in the upper atmosphere. There is another “quench
points” that was not mentioned in Bordwell et al. (2018),
the “reflection point”, where the actual tracer vertical
profile becomes vertically constant4. The three quench
points are the same if the tracer mixing ratio profile be-
comes vertically constant quickly as it deviates from the
equilibrium profile (e.g., red line in Fig. 6). On the
other hand, if the chemical timescale does not increase
very quickly and the chemistry above the departure point
cannot be neglected, the tracer mixing ratio will keep
decreasing and may not reach a constant vertical pro-
file until in the very top atmosphere (e.g. blue line in
Fig. 6). In this case, the three quench points are not
the same, and usually the “observed” quench point is
located between the reflection point and the departure
point (Fig. 6). In this study we mainly focus on the
4 One should not confuse the “reflection point” with the “ob-
served” quench point. The reflection point refers to the pressure
level on the actual mixing ratio profile where the tracer vertical
profile becomes vertically constant, while the “observed” quench
point refers to the pressure level on the equilibrium mixing ratio
profile where the equilibrium mixing ratio is the same as the ob-
served value in the upper atmosphere.
departure quench point.
Dynamical quenching of the disequilibrium chemical
tracers is usually investigated in the convective atmo-
spheres (e.g., Prinn & Owen 1976, Prinn & Barshay
1977, Smith 1998, Visscher & Moses 2011, Bordwell et al.
2018). However, in the radiative zone of the atmospheres
on tidally locked planets with vigorous vertical transport,
dynamical quenching of long-lived species such as H2O,
CH4 and CO is also important (e.g., Cooper & Show-
man 2006, Moses et al. 2011, Line et al. 2011). In our
Quench Experiment, the tracer chemical timescales in-
crease with decreasing pressure and span many orders of
magnitude (Fig. 6), as expected to occur for a variety of
real chemical species, including CH4/CO interconversion
(e.g., Cooper & Showman 2006). The chemical timescale
of the longest-lived tracer has a very steep vertical gra-
dient, ranging from 104 s at 5 × 106 Pa to 1011 s at 50
Pa. The departure point of this tracer from the equilib-
rium chemical profile is at 4×105 Pa and the “observed”
quench point is roughly at 105 Pa (Fig. 6). The chemical
timescale of the shortest-lived tracer ranges from 104 s
at 5 × 106 Pa to 106 s at 50 Pa. The departure point
is at about 6 × 104 Pa. But the tracer mixing ratio de-
creases with pressure towards the top of the atmosphere
because the local chemistry plays a non-negligible role in
all pressure range. There is no clear “observed” quench
point for this tracer case.
To understand the details of the dynamical quenching
in the atmosphere of a 3D tidally locked planet, we ana-
lyzed a typical long-lived tracer with a quenched vertical
profile (orange line in Fig. 6). The chemical timescale
of this tracer ranges from 104 s at 5 × 106 Pa to 109.5 s
at 50 Pa. The departure point of this tracer is at about
3.6×105 Pa and the reflection point is at about 5.7×104
Pa (Fig. 6). We plotted spatial maps of the vertical wind
and tracer mixing ratio at several typical pressure levels
(Fig. 7), including an upper atmosphere level (9 × 103
Pa) above the reflection point and a deep atmosphere
level (1.4× 106 Pa) below the departure point.
There are many similarities in the spatial distributions
between Fig. 7 for this typical tracer in the Quench Ex-
periment and Fig. 2 for four different tracers with chem-
ical timescales constant with pressure in the Standard
Experiment. This implies that the spatial distributions
of the tracer in the Quench Experiment can be approx-
imately understood using its local chemical timescale.
Because the tracer chemical timescale increases from bot-
tom to the top, while the vertical transport timescale de-
creases, the ratio of the chemical timescale and dynami-
cal timescale in the atmosphere τc/τd increases with de-
creasing pressure. As a result, the tracer in the Quench
Experiment at the deep atmosphere level behaves as a
short-lived tracer and that at the upper atmosphere level
behaves as a long-lived tracer in the Standard Experi-
ment.
At deep atmospheric levels, the tracer spatial distri-
bution is similar to the vertical wind pattern, especially
in the equatorial region (Fig. 7D and 7H). At the de-
parture level, the dynamical timescale is roughly equal
to the chemical timescale, and the tracer is more hor-
izontally homogenized (Fig. 7G). Below the departure
level, the mixing efficiency maps are generally positive
in the off-equatorial region (Fig. 7L), indicating a de-
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Fig. 7.— Longitude-latitude maps of vertical wind (left), tracer mixing ratios (central) and vertical mixing efficiency (right) from 3D
Quench simulation of a tracer with chemical timescale 109.5 s at 50 Pa (orange line in Fig. 6). The pressure levels from top to bottom:
9× 103 Pa (upper atmosphere), 5.7× 104 Pa (reflection point), 3.6× 105 Pa (departure point), 1.4× 106 Pa (deep atmosphere).
cent correlation between the tracer distribution and the
vertical wind, although at the equator, negative mixing
efficiency appears at several locations. At the reflection
point where the tracer mixing ratio stops decreasing with
decreasing pressure, large positive and negative anoma-
lies show up in the mixing efficiency map (Fig. 7K), im-
plying a large cancellation between the tracer upwelling
and downwelling. The tracer is further more spatially ho-
mogeneous because atmospheric dynamics becomes more
important. Above the reflection point, the tracer distri-
bution (Fig. 7F) looks similar to the typical long-lived
tracer in the Standard Experiment (Fig. 2H). Although
the τc/τd is large in the upper atmosphere, the tracer
is not completely homogenized (Fig. 7E). Instead, its
spatial pattern is significantly affected by the horizon-
tal wind dynamics. The local anomalies located at the
mid-latitudes near the west terminator (Fig. 7E) are a
response to the large local wind gyres seen in the vorticity
map (Fig. 2D). The upwelling and downwelling shown in
the mixing efficiency map almost cancel out each other
(Fig. 7I), resulting in nearly zero net vertical transport
flux. From the tracer continuity equation (Eq. 8f), if the
local chemical source and sink were neglected (S ≈ 0),
the vertical tracer flux divergence should vanish as well.
In the diffusive framework, this implies that the verti-
cal gradient of the tracer mixing ratio is nearly zero, and
the tracer profile is approximately constant with pressure
(Fig. 6).
To visualize the vertical transport of this tracer, we
also diagnosed the zonal-mean map and meridional-mean
map of vertical wind and tracer mixing ratio (Fig. 8). In
the zonal-mean maps, we simply averaged the quantities
over longitude at each latitude to produce the latitude-
pressure distributions. In the meridional-mean maps, at
each longitude point, we averaged the quantities over lat-
itude in an area-weighted fashion. The vertical tracer
quenching occurs at a deeper atmospheric level in the
equatorial region but the quenched tracer mixing ratio
is higher than the other latitudes. There appears to be
another quench point at around 104 Pa. The equatorial
minimum feature in the latitude-pressure distribution is
a result of the net downwelling of the lower-mixing-ratio
tracers from the upper atmosphere due to the “anti-
Hadley cells” in the equatorial region, as shown in the
TEM streamfunction (Fig. 8). We have discussed this
behavior in the Standard Experiment (Fig. 3).
In the longitudinal direction, the vertical quenching oc-
curs at larger pressure level in the west hemisphere than
in the east hemisphere (see the bottom two meridional-
mean map in Fig. 8). Furthermore, the quenched tracer
mixing ratio in the east hemisphere is actually higher
than that in the west hemisphere. The reason is that,
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Fig. 8.— 2D maps from a typical Quench Experiment with chem-
ical tracer timescale 109.5 s at 50 Pa (orange line in Fig. 6).
Top: zonally averaged vertical wind velocity (color) and TEM mass
streamfunction (contours, in units of 1012 Kg s−1, solid/positive is
clockwise). Second: zonally averaged tracer mixing ratio. Third:
area-weighted latitudinal-averaged vertical wind velocity. Bottom:
area-weighted latitudinal-averaged tracer mixing ratio.
when the tracer is transported upward near the substel-
lar longitude from the deep atmosphere, the equatorial
superrotating wind advects the tracer to the east hemi-
sphere and enhances the local tracer mixing ratio.
Despite that the quenching level has some spatial vari-
ation, here we estimate the global-mean quenching level.
In this study we mainly focus on the departure quench
point as a more generic metric. We determined the de-
parture points from the tracer profiles in the Quench
simulations (Fig. 9). The numerical departure points
are measured as the pressure level where the simulated
tracer mixing ratio deviates from (larger than) the equi-
librium mixing ratio by a small fraction (Fig. 6). In this
study we use 1%. As the tracer mixing ratio increases
very quickly above the departure point, this estimated
departure point is not very sensitive to the choice of the
small fraction (e.g., 10%).
Crudely speaking, quenching (or departure) occurs
where the chemical timescale is equal to the vertically
mixing timescale (e.g., Prinn & Barshay 1977, Cooper &
Showman 2006, Visscher & Moses 2011). In the global-
mean vertical eddy diffusion framework, the vertical mix-
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Fig. 9.— Departure points as a function of departure temperature
in the Quench Experiment (dots connected by the dashed line).
Theoretical predictions using our quench theory (Eq. 14) with
Lv ∼ H (triangles) and Lv ∼ Hceq (squares). The color scheme is
the same as in Fig. 6.
ing timescale is the effective diffusive timescale. In the
3D atmosphere with uniform χ0, Eq. (1) is a good ap-
proximation of the eddy diffusivity. As our theory of Kzz
does not make any assumption whether τc should be con-
stant with pressure or not, Eq. (1) is also applicable to
the Quench Experiment in which tracer lifetime varies
with pressure. Equating the chemical timescale and ef-
fective diffusion timescale at the quench point, we can
achieve:
τc ∼ L
2
v
Kzz
≈ Lv
wˆ
(1 +
Lv
wˆτc
) (14)
where τc ∼ Lv/wˆ is the traditional quenching level es-
timate used in the convective atmosphere (e.g.,Prinn &
Barshay 1977) and on hot Jupiters (e.g., Cooper & Show-
man 2006). Our quenching theory has an additional
term that represents the effect of the tracer chemistry on
the global-mean vertical tracer transport efficiency. This
effect has not been addressed before because previous
quenching theories did not include large-scale circulation
to estimate the global-mean tracer transport. Previous
studies (e.g., Smith 1998, Cooper & Showman 2006, Bor-
dwell et al. 2018) showed that the tracer chemistry could
affect the vertical characteristic length scale Lv, lead-
ing to a different departure point estimate. Following
Prinn & Barshay (1977), Bordwell et al. (2018) proposed
a length scale as the scale height of the tracer destruction
rate under chemical equilibrium. But in our theory this
length scale only depends on the vertical gradient of the
chemical timescale, not the chemical timescale itself.
One can actually solve for τc in Eq. (14):
τc ∼ 1 +
√
5
2
Lv
wˆ
. (15)
It implies that the traditional vertical length scale should
be scaled by an additional factor, the golden ratio, to take
the tracer chemistry into account. This will increase Lv
by a factor of about 1.6. Compared with the conven-
tional estimate using τc ∼ Lv/wˆ, the quench point from
our theory is shifted to the pressure level with a larger τc.
If the tracer chemical timescale increases with decreasing
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pressure, our predicted quench point is located at higher
atmosphere than the conventional estimate. Physically
speaking, our global-mean eddy diffusivity theory states
that a tracer with a shorter chemical timescale tends to
have a smaller Kzz than the conventional theory which
assumes Kzz ∼ wˆLv (Section 2). As a result, using
the chemical-dependent eddy diffusivity implies less ver-
tical mixing than the conventional theory, and causes the
tracer to be quenched in a higher atmosphere.
Let us first assume the horizontal dynamical timescale
τd is a/U and thus Lv is the pressure scale height H, the
right hand side in Eq. (15), which we call the “effective
dynamical timescale” in this study, is shown in Fig. 6.
We can find out its crossover point with the chemical
timescale profile τc to predict the departure point of that
species. Using wˆ from the 3D simulations, the predicted
departure points agree well with the longer-lived tracers
in our simulations (Fig. 9). But for shorter-lived species,
the predicted quenching pressure is much smaller than
the model results.
It is possible that horizontal dynamical timescale is dif-
ferent from a/U and Lv is not the same as H. We tested
the situation in which Lv is assumed as the “chemical
scale height”, Hc, the scale height of the tracer chemi-
cal destruction rate that was introduced in the convec-
tive atmosphere study (Bordwell et al. 2018). As we use
a simple linear chemical scheme in the Quench Experi-
ment, the chemical loss rate can be expressed as Nχ¯/τc,
where N is the atmospheric number density and χ¯ is the
global-mean vertical profile of tracer. The chemical scale
height in our study is:
Hc =
∂ ln(Nχ¯/τc)
∂ ln p
≈ H(1 + ∂ ln χ¯
∂ ln p
− ∂ ln τc
∂ ln p
) (16)
where we have approximated the number density scale
height using the pressure scale height H. In most cases,
a chemical tracer does not quench to a vertically constant
profile right at the departure point. We can also approx-
imate the actual scale height of the tracer at around the
departure point using the scale height of its equilibrium
mixing ratio χeq. Substitute χ¯ with χeq in Eq. (16) and
the chemical scale height Hc becomes the “equilibrium
chemical scale height” Hceq (Bordwell et al. 2018).
Using Lv ∼ Hceq, the “effective dynamical timescale”
(i.e., the right hand side of Eq. 15) is species-dependent
(Fig. 6). Because the equilibrium mixing ratio χeq is
the same for all species, the species with a steeper ver-
tical gradient of τc (also the longer-lived species in our
cases) has a smaller effective dynamical timescale. In
our simulations, as pressure decreases, the equilibrium
mixing ratio χeq decreases and chemical timescale τc in-
creases. Therefore chemical destruction rate decreases
faster than the pressure (or density) decrease, and thus
Heq is smaller than H. This implies a smaller effective
dynamical timescale, or a more efficient vertical trans-
port, than the case using Lv ∼ H. The predicted quench
points are thus located in a relatively deeper atmosphere
(Fig. 6 and Fig. 9). Overall, using Lv ∼ Hceq could
explain the departure points for the short-lived species
but overestimates the pressure of quenching for long-lived
tracers. In the latter regime, using Lv ∼ H gives a better
prediction.
3.3. Results: Photochemical Experiment
Using the same dynamical field, we also investigated
models where the tracer chemical equilibrium abundance
varies strongly from the dayside to the nightside (Eq.
11). With a dayside chemical source, we can approxi-
mately simulate photochemically or ion-chemically pro-
duced species on tidally locked planets. The wind field
and circulation have been discussed in the Standard case
(Section 3.1). The tracer distributions look significantly
different from previous cases (Fig. 10). For short-lived
species, the tracer distribution is close to the prescribed
chemical equilibrium distribution (Eq. 11) which max-
imizes at the sub-stellar point (Fig. 10E). The tracer
abundance decreases away from the sub-stellar point and
becomes approximately homogeneous on the nightside
with a mixing ratio of 10−12. As the horizontal dynami-
cal transport might be neglected when the tracer lifetime
is short (τc  τd), the tracer distribution in this limit can
be approximated based on Eq. (11) in Paper I:
χ′ = χ′0 − wτc
∂χ
∂z
. (17)
In this case, it is the deviation of the tracer mixing ratio
from its chemical equilibrium distribution, instead of the
tracer mixing ratio itself, that is anti-correlated with the
vertical velocity pattern (Fig. 10A).
As the tracer chemical lifetime increases, atmospheric
dynamics plays a more important role in shaping the
tracer spatial distribution. The spatial pattern exhibits
a “chemical hot spot shift” on the dayside where the
maximum abundance of tracer occurs slightly east of the
sub-stellar point (Fig. 10F). This hot spot shift pat-
tern resembles the well-known “temperature hot spot”
on tidally locked planets (e.g., Showman & Guillot 2002,
Knutson et al. 2007). The chemical hot spot phase
shift might also be detected by the light curve at the
wavelengths where the species has significantly strong
absorption or emission features. Physically, this chem-
ical hot spot shift is a result of competition between
the horizontal advection and chemical relaxation. Thus
the phase shift could be predicted in a simple chemical-
transport model in the longitudinal direction (Zhang
et al. 2013) with a sinusoidal chemical equilibrium dis-
tribution. That theory states that the chemical hot
spot phase shift φs is determined by the ratio of the
chemical relaxation timescale to the advection timescale:
φs = tan
−1(τcU/a). For a tracer with lifetime τc = 104 s
(Fig. 10F), if we adopt the zonal-mean zonal wind veloc-
ity scale U ∼ 2 km s−1 at 2800 Pa (Fig. 10B), we predict
a chemical hot spot phase shift φs ∼ 10 degrees, roughly
consistent with the simulation result. A more rigorous
derivation to the phase shift can adopt the approach in
the Appendix B in Zhang & Showman (2017) by replac-
ing the temperature variable and radiative timescale with
the chemical mixing ratio and chemical lifetime, respec-
tively. But the predicted phase shifts from the above two
approaches are generally very close.
If the tracer lifetime is significantly longer than both
the east-west and north-south advection timescales, the
spatial pattern of the tracer (Fig. 10G) is different from
the“chemical hot spot” pattern. In our simulations, the
tracers are more concentrated at low latitudes with some
positive anomaly features near both terminator regions
12 Zhang & Showman
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Fig. 10.— Longitude-latitude maps of various quantities at 2800 Pa in the Photochemical Experiment. Left column from top to the
bottom (Panel A-D): vertical wind (w), east-west wind (u), north-south wind (v), and relative vorticity (ζ) with wind field vectors. Central
column (E-H): volume mixing ratios of tracers with chemical timescale of 102.5 s, 104 s, 105.5 s, 107s from top to the bottom, respectively.
Right column (I-L): corresponding vertical mixing efficiency of the tracers in the central column. Note that the color bars do not have the
same range.
where local upwelling and downwelling are prominent in
the vertical velocity map (Fig. 10A). The very long-lived
tracer (τc = 10
7 s, Fig. 10H) is more homogeneously dis-
tributed compared with the short-lived tracers. But it
exhibits two significant local anomalies, one in the north-
ern hemisphere and the other in the southern, located
between latitude 30 and 60 degrees and near longitude
of west 120 degrees. The anomalies show tracer accu-
mulations with respect to the surrounding background
(Fig. 10H). Those two features might be a response to
the in-situ large local wind gyres, which can be seen in
the vorticity map (Fig. 10D).
The mixing efficiency in the case with non-uniform
chemical equilibrium abundance is fundamentally differ-
ent from the case with uniform equilibrium abundance in
Section 3.1. The mixing efficiency of the short-lived trac-
ers is positive everywhere on the globe (Fig. 2I), imply-
ing that the tracers are all vertically mixed in the same
direction. Negative mixing efficiency appears only in the
long-lived tracer regime (e.g., Fig. 2L). However, in the
non-uniform chemical equilibrium abundance case, even
for the very short-lived species, mixing efficiency pattern
shows large negative values in the upwelling region on the
nightside (Fig. 10I-10L). This suggests that the tracers
are not vertically mixed in the same direction everywhere
and the global-mean vertical tracer transport is only a
net difference between the upward and downward fluxes.
The reason is that chemical equilibrium, instead of at-
mospheric dynamics, controls the spatial distribution of
those short-lived chemical species. On the dayside, both
the vertical velocity and tracer abundance deviation from
the mean, χ′0, are positive, and therefore in general con-
tribute to the upward mixing. However, on the nightside,
χ′0 is negative due to its low abundance relative to the
global-mean value, anti-correlated with the positive ver-
tical velocity. As a result, a negative mixing efficiency oc-
curs in the upwelling region between 120 and 180 degrees
in the equatorial region (Fig. 10I). Compared with the
uniform chemical equilibrium abundance case (Fig. 2),
those localized “chimneys” turn to “sinks” of the global-
mean tracer abundance as the strong upwelling plumes
transport abundant low-mixing-ratio tracers to the up-
per atmosphere.
Zonally averaged tracer distributions (Fig. 11) illus-
trate how the upper atmospheric tracers are vertically
mixed into the lower atmosphere. As shown in the bot-
tom panel of Fig. 11, the long-lived tracers are not uni-
formly mixed downward by the circulation. Instead, the
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Fig. 11.— Latitude-pressure maps of zonally averaged quantities
in the Photochemical Experiment. Top: vertical wind velocity
(color) and TEM mass streamfunction (contours, in units of 1012
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we show volume mixing ratio of tracers with different chemical
timescales of 102 s, 103.5 s, 105 s, 106.5 s s from top to bottom,
respectively.
zonally averaged tracer pattern are significantly shaped
by the circulation cells shown in the upper panel. Es-
pecially, at high latitudes above the 1000-Pa pressure
level, the lower mixing ratio tracers from the lower at-
mosphere is actually circulated upward and transported
to the lower latitudes by the two polar cells in the up-
per atmosphere. This transport leads to a decrease of
the global-mean tracer mixing ratio in the upper at-
mosphere compared to the chemical equilibrium profile,
as shown in the area-weight-mean tracer profile in Fig.
11. Only at pressure levels below 1000 Pa, the global-
mean tracer mixing ratio of those long-lived species be-
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Fig. 12.— Left: vertical profiles of the global-mean volume mix-
ing ratio in the Photochemical Experiment. Right: vertical profiles
of numerically derived effective eddy diffusivity Kzz (right) from
the flux-gradient relationship (Eq. 8) based on simulation results
(solid). The dashed lines are analytical predictions using Eq. (2)
and the analytical wˆ in Eq. (7). Different colors from cold (blue)
to warm (red) represent tracers with different chemical timescales
from short to long, ranging from 102 s to 107 s.
comes larger than the chemical equilibrium value. There-
fore the mean tracer profile is significantly controlled by
the details of the atmospheric dynamics, and there is
no “quench point” in our simulations with non-uniform
chemical equilibrium abundance near the top5.
We found that the global-mean net vertical tracer flux
of short-lived species is positive, implying that the tracer
is mixed upward to the upper atmosphere. This upward
transport mainly occurs in the broad upwelling region
on the dayside where the tracer abundance also shows
a positive anomaly (Fig. 10A and 10E). Note that in
this case the global-mean tracer mixing ratio is larger in
the upper atmosphere where the source is located. This
counter-gradient transport suggests a negative effective
eddy diffusivity. We numerically derived Kzz based on
the simulation and flux-gradient relationship (Fig. 8). It
is indeed negative for short-lived species. It implies that,
in the globally average sense, those tracers are mixed
towards their source in the upper atmosphere, which is
physically counter-intuitive in the traditional chemical-
diffusion framework. However, this phenomena confirms
our theory in Section 2. A significant non-diffusive com-
ponent contributes to this effect, a result from the cor-
relation between the velocity field and the equilibrium
chemical distribution. If we assume the global-mean ver-
tical profile of the tracer is not significantly different
from the chemical equilibrium profile (Eq. 11), with the
non-diffusive correction we introduced in Section 2, Kzz
might still be predicted from first principles based on Eq.
(2):
Kzz ≈ wˆ
2
wˆ/H + τ−1c
− wˆ∆χeq
1 + wˆτc/H
(
∂∆χeq
∂z
)−1. (18)
Here we have assumed that the nightside chemical equi-
5 Note that in these cases chemical timescales are constant with
pressure. Quenching occurs more readily when the tracer chemical
lifetime varies with pressure, as we have showed in the Quench
Experiment.
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librium abundance χn is much smaller than ∆χeq. For
very short-lived species (τc → 0), the first term on the
right hand side of Eq. (18) might be neglected, leading
to a non-diffusive term only:
Kzz ≈ −wˆ∆χeq(∂∆χeq
∂z
)−1. (19)
This expression physically explains the negative “Kzz”
in the short-lived tracer simulations, even though the ver-
tical transport is not important for those species which
are mainly controlled by the local chemistry. This non-
diffusive effect on the global-mean tracer transport has
not been considered in current 1D models in planetary
atmospheres.
Using the analytical prediction of wˆ from Eq. (7), we
predicted Kzz based on Eq. (18). It qualitatively agrees
with the numerically derived Kzz for both short-lived
species and long-lived species. Eq. (18) also shows that
the non-diffusive effect becomes less important than the
diffusive term as the chemical timescale increases. In
our simulations, the numerically derived Kzz increases
with tracer lifetime and becomes positive for long-lived
species (Fig. 12). But Eq. (18) overestimates the Kzz by
about a factor of 5 in the long-lifetime regime. As noted
in Paper I, if the material surface of tracer is distorted
significantly, our theory in Section 2 is not a good pre-
dictor of the effective eddy diffusivity. Also, the assumed
vertical gradient of the mean-tracer in the non-diffusive
correction (Eq. 18) is not a good approximation for the
long-lived tracers because the tracer distributions, both
vertical and horizontal, may substantially deviate from
the chemical equilibrium distribution.
It should be noted that the non-diffusive component
does not always decrease Kzz under uniform chemical
equilibrium. The sign of the non-diffusive contribution
depends on the correlation between the vertical wind
(w) and chemical equilibrium tracer distribution (χ′0),
as well as the vertical gradient of the global-mean tracer
profile. For instance, if we consider the atmosphere re-
gion above the photochemical source layer on a tidally
locked planet, chemical equilibrium abundance is large
at the bottom of this region and smaller at the top, im-
plying a negative vertical global-mean tracer gradient.
In this case, the w − χ′0 correlation is still positive be-
cause the photochemical equilibrium abundance is still
larger on the dayside than the nightside. But because
the vertical tracer gradient is negative, the non-diffusive
component will enhance the total upward global-mean
tracer transport efficiency and thus Kzz (Eq. 18). An-
other example is vertical mixing of mineral cloud par-
ticles on hot Jupiter. Cloud microphysics predicts that
there might be more titanium and silicate clouds form-
ing at the west terminator region than on the nightside
(e.g., Powell et al. 2018) due to colder temperature at
the west limb. The spatial correlation between the ver-
tical wind and microphysical equilibrium cloud tracer is
complex in this situation and the importance of the non-
diffusive contribution to Kzz has yet to be investigated.
Moreover, cloud settling represents a qualitatively differ-
ent type of source/sink than the simple linear chemical
relaxation scheme that we have adopted in this paper.
It is currently unclear whether such a source/sink due
to particle settling would lead to diffusive behavior, even
under a simplified scenario that ignores large, externally
imposed day-night variations in cloud production.
The complicated behavior of Kzz in the case with
non-uniform chemical equilibrium abundance, especially
the negative Kzz owing to non-diffusive effects, im-
plies that it might be difficult to achieve a satisfactory
understanding—or even a self-consistent model—of pho-
tochemical tracer transport on tidally locked exoplanets
in a simple 1D framework with the same eddy diffusivity
for all species. A 3D dynamical-chemical model, which
might be computationally expensive, will be of a great
help in revealing the underlying transport mechanisms
and interactions between the chemical and dynamical
processes.
4. CONCLUSION AND DISCUSSION
In this study we investigated tracer transport on
tidally locked planets using a simple chemical source/sink
scheme. Using the analytical vertical velocity theory
from Komacek & Showman (2016) and Zhang & Show-
man (2017), we constructed a first-principles theory for
the 1D eddy diffusivity Kzz on this type of planet. We
performed 3D tracer simulations using a GCM and de-
rived the Kzz from the globally averaged vertical trans-
port flux from the model. We showed that the Kzz de-
rived from the 3D simulations agree with our analytical
predictions. Therefore this study can serve as a theo-
retical foundation for future work on estimating or un-
derstanding the effective eddy diffusivity for global-mean
vertical tracer transport on tidally locked exoplanets and
slow-rotating planets with strong day-night contrast such
as Venus.
Our detailed analytical and numerical analysis for 3D
tidally locked planets basically agree with the conclusions
we have drawn in Paper I (1-8 in the Conclusion Section)
for fast-rotating planets. We also confirm that all three
typical regimes in our Kzz theory exist on tidally locked
planets. Since this is the first time to validate these con-
clusions in a 3D model with a strongly 3D circulation
in a tidally locked configuration, we briefly recap all the
points here.
(1) Larger vertical velocities lead to a larger global-
mean vertical tracer mixing. (2) Efficient horizontal eddy
mixing reduces the horizontal variations of tracer and
decreases the global-mean eddy diffusivity. (3) Global-
mean eddy diffusivity depends on the tracer sources and
sinks due to chemistry and microphysics. The effective
eddy diffusivity increases with the chemical lifetime in
the case with linear chemical relaxation. (4) In regime
I, short-lived species exhibit a similar spatial pattern as
the vertical velocity field. But the resulting tracer dis-
tribution is complicated in other regimes. (5) The dif-
fusive assumption is generally valid in regime I and the
effective eddy diffusivity is always positive using our ide-
alized chemical schemes. But non-diffusive effects can be
important in regime II if there is a good correlation be-
tween the equilibrium tracer field and the vertical veloc-
ity field. (6) Non-diffusive behavior could occur in regime
III when the tracer chemical lifetime is much longer than
the atmospheric dynamical timescale. (7) We derived the
analytical species-dependent eddy diffusivity for tracers
for the tracers on tidally locked planets, the theoretical
predictions generally agree with our 3D simulations in
all regimes. (8) In the 3D planetary atmospheres under
tidally locked configuration, the widely used assumption
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in current 1-D chemistry and cloud formation models—a
single profile of vertical eddy diffusivity for all species—is
generally invalid.
In this study, based on the species-dependent eddy
diffusivity theory, we also provide a new analytical the-
ory of the global-mean departure “quench” point of the
tracer from its chemical equilibrium profile. Because
the species-dependent eddy diffusivity is smaller than
the conventional species-independent value, the depar-
ture point estimated in our theory is located at lower
pressure than the previous estimate if the tracer chemical
timescale increases with decreasing pressure. For trac-
ers on close-in tidally locked exoplanets, the departure
point estimated from our theory assuming Lv ∼ H agrees
with the numerical simulations for longer-lived species.
For shorter-lived species, using the equilibrium chemical
scale height Hceq as Lv provides a better estimate.
How to better approximate the 3D tracer transport
in a 1D model for real atmospheres? We emphasize
that it is the correlation between the horizontally vary-
ing tracer fields and horizontally varying vertical veloc-
ity field along an isobar that determines the the vertical
transport efficiency. Here we propose two approaches.
First, from a theoretical point of view, it is necessary
to perform 3D tracer transport simulations with more
realistic chemical and microphysical schemes for a spe-
cific atmospheric situation (e.g., Lee et al. 2016, Lines
et al. 2018) and analyze how to better parameterize the
1D effective tracer transport in that atmospheric regime.
Taking close-in tidally locked planets as an example, one
could include simplified dayside photochemistry and ion
chemistry to study a chemically active species, and/or
include nightside haze/cloud condensation and dayside
particle evaporation to study cloud particle transport.
Parmentier et al. (2013) and this study represent an ini-
tial step in this direction.
Second, from an observational point of view, it would
be interesting to perform a correlation analysis between
the observed tracer fields and the vertical velocity field
(or the simulated vertical velocity field if the vertical ve-
locity is not easy to determined from observations). Even
for exoplanets, observations are starting to reveal hori-
zontal gas distributions (Stevenson et al. 2017) and the
cloud distribution from the light curve data (e.g., Par-
mentier et al. 2016). A correlation analysis between the
tracer fields and the velocity field estimated from the at-
mospheric models (e.g., Dobbs-Dixon & Lin 2008; Show-
man et al. 2009; Rauscher & Menou 2010; Heng et al.
2011; Perna et al. 2010; Mayne et al. 2014) may shed light
on how the vertical tracer transport operates on those
planets and lead to a better understanding of global-
mean vertical eddy mixing for future chemical models
and cloud models.
5. ACKNOWLEDGEMENTS
This research was supported by NASA Solar System
Workings Grant NNX16AG08G to X.Z. and A.P.S.. We
dedicate this work to Dr. Mark Allen (1949-2016), one
of the founders of the Caltech/JPL kinetics model. We
thank T. Komacek, V. Parmentier and X. Tan for help-
ful discussions. Some of the simulations were performed
on the Stampede supercomputer at TACC through an
allocation by XSEDE.
REFERENCES
Adcroft, A., Campin, J.-M., Hill, C., & Marshall, J. 2004,
Monthly Weather Review, 132, 2845
Bordwell, B., Brown, B. P., & Oishi, J. S. 2018, The
Astrophysical Journal, 854, 8
Bougher, S. W., Hunten, D. M., & Phillips, R. J. 1997, Venus
II–geology, Geophysics, Atmosphere, and Solar Wind
Environment, Vol. 1 (University of Arizona Press)
Charnay, B., Meadows, V., & Leconte, J. 2015a, The
Astrophysical Journal, 813, 15
Charnay, B., Meadows, V., Misra, A., Leconte, J., & Arney, G.
2015b, The Astrophysical Journal Letters, 813, L1
Cooper, C. S., & Showman, A. P. 2005, ApJ, 629, L45
—. 2006, ApJ, 649, 1048
Dobbs-Dixon, I., & Lin, D. N. C. 2008, ApJ, 673, 513
Drummond, B., Mayne, N., Baraffe, I., et al. 2018, Astronomy &
Astrophysics, 612, A105
Fortney, J. J., Lodders, K., Marley, M. S., & Freedman, R. S.
2008, The Astrophysical Journal, 678, 1419
Gao, P., Zhang, X., Crisp, D., Bardeen, C. G., & Yung, Y. L.
2014, Icarus, 231, 83
Helling, C., Woitke, P., & Thi, W.-F. 2008, Astronomy &
Astrophysics, 485, 547
Heng, K., Menou, K., & Phillipps, P. J. 2011, MNRAS, 413, 2380
Holton, J. R. 1986, Journal of Geophysical Research:
Atmospheres, 91, 2681
Iro, N., Be´zard, B., & Guillot, T. 2005, A&A, 436, 719
Kataria, T., Showman, A. P., Fortney, J. J., Marley, M. S., &
Freedman, R. S. 2014, ApJ, 785, 92
Knutson, H. A., Charbonneau, D., Allen, L. E., et al. 2007,
Nature, 447, 183
Komacek, T. D., & Showman, A. P. 2016, The Astrophysical
Journal, 821, 16
Lavvas, P., & Koskinen, T. 2017, The Astrophysical Journal, 847,
32
Lee, G., Dobbs-Dixon, I., Helling, C., Bognar, K., & Woitke, P.
2016, Astronomy & Astrophysics, 594, A48
Li, J., & Goodman, J. 2010, ApJ, 725, 1146
Lian, Y., & Showman, A. P. 2010, Icarus, 207, 373
Line, M. R., Vasisht, G., Chen, P., Angerhausen, D., & Yung,
Y. L. 2011, The Astrophysical Journal, 738, 32
Line, M. R., Zhang, X., Vasisht, G., et al. 2012, The
Astrophysical Journal, 749, 93
Lines, S., Mayne, N., Boutle, I. A., et al. 2018, Astronomy &
Astrophysics, 615, A97
Liu, B., & Showman, A. P. 2013, ApJ, 770, 42
Madhusudhan, N., & Seager, S. 2009, The Astrophysical Journal,
707, 24
Mayne, N. J., Baraffe, I., Acreman, D. M., et al. 2014, Astronomy
& Astrophysics, 561, A1
Moses, J. I., Visscher, C., Fortney, J. J., et al. 2011, ApJ, 737, 15
Parmentier, V., Fortney, J. J., Showman, A. P., Morley, C., &
Marley, M. S. 2016, The Astrophysical Journal, 828, 22
Parmentier, V., Showman, A. P., & Lian, Y. 2013, Astronomy &
Astrophysics, 558, A91
Perez-Becker, D., & Showman, A. P. 2013, ApJ, 776, 134
Perna, R., Menou, K., & Rauscher, E. 2010, ApJ, 719, 1421
Powell, D., Zhang, X., Gao, P., & Parmentier, V. 2018, The
Astrophysical Journal, 860, 18
Prinn, R., & Owen, T. 1976, in IAU Colloq. 30: Jupiter: Studies
of the Interior, Atmosp here, Magnetosphere and Satellites,
319–371
Prinn, R. G., & Barshay, S. S. 1977, Science, 198, 1031
Rauscher, E., & Menou, K. 2010, ApJ, 714, 1334
Showman, A. P., Fortney, J. J., Lewis, N. K., & Shabram, M.
2013, ApJ, 762, 24
Showman, A. P., Fortney, J. J., Lian, Y., et al. 2009, ApJ, 699,
564
Showman, A. P., & Guillot, T. 2002, A&A, 385, 166
Showman, A. P., & Polvani, L. M. 2011, ApJ, 738, 71
16 Zhang & Showman
Smith, M. D. 1998, Icarus, 132, 176
Stevenson, K. B., Line, M. R., Bean, J. L., et al. 2017, The
Astronomical Journal, 153, 68
Tsai, S.-M., Lyons, J. R., Grosheintz, L., et al. 2017, The
Astrophysical Journal Supplement Series, 228, 20
Visscher, C., & Moses, J. I. 2011, ApJ, 738, 72
Youdin, A. N., & Mitchell, J. L. 2010, The Astrophysical Journal,
721, 1113
Zhang, X., Liang, M. C., Mills, F. P., Belyaev, D. A., & Yung,
Y. L. 2012, Icarus, 217, 714
Zhang, X., Liang, M.-C., Montmessin, F., et al. 2010, Nature
Geoscience, 3, 834
Zhang, X., Shia, R.-L., & Yung, Y. L. 2013, The Astrophysical
Journal, 767, 172
Zhang, X., & Showman, A. P. 2017, The Astrophysical Journal,
836, 73
Zhang, X., & Showman, A. P. 2018, The Astrophysical Journal,
submitted
